The cytoplasm seems to provide an environment that favors conversion of the prion protein (PrP) to a form with the physical characteristics of the PrP Sc conformation, which is associated with transmissible spongiform encephalopathies. However, it is not clear whether PrP would ever exist in the cytoplasm under normal circumstances. We report that PrP accumulates in the cytoplasm when proteasome activity is compromised. The accumulated PrP seems to have been subjected to the normal proteolytic cleavage events associated with N-and C-terminal processing in the endoplasmic reticulum, suggesting that it arrives in the cytoplasm through retrograde transport. In the cytoplasm, PrP forms aggregates, often in association with Hsc70. With prolonged incubation, these aggregates accumulate in an ''aggresome''-like state, surrounding the centrosome. A mutant (D177N), which is associated with a heritable and transmissible form of the spongiform encephalopathies, is less efficiently trafficked to the surface than wild-type PrP and accumulates in the cytoplasm even without proteasome inhibition. These results demonstrate that PrP can accumulate in the cytoplasm and is likely to enter this compartment through normal protein quality-control pathways. Its potential to accumulate in the cytoplasm has implications for pathogenesis.
T he prion protein (PrP) is closely associated with a group of fatal neurodegenerative diseases. These take various forms that are manifested as sporadic, dominantly heritable, and transmissible disorders (1) (2) (3) . The normal form of PrP, PrP C , is rich in ␣-helices, soluble in mild detergents, and highly sensitive to protease digestion (3, 4) . During disease, it accumulates in different physical states (1, 5) , the most well known of which is PrP Sc , which is associated with infectious forms of prion diseases. PrP Sc is rich in ␤-sheet and insoluble in mild detergents, and has a particular pattern of protease sensitivity and resistance (1, 3, 6) .
Normally, PrP is a cell-surface N-linked glycoprotein that is widely expressed and particularly abundant in the brain, although its function is unknown (7) . A 22-aa N-terminal signal peptide directs PrP into the endoplasmic reticulum (ER) cotranslationally. There, the signal peptide is removed, core Nlinked oligosaccharides are added, and the C-terminal 23 aa are removed with the addition of a glycosyl-phosphatidylinositol (GPI) anchor. Properly folded PrP C then moves out of the ER, matures through the Golgi complex with additional carbohydrate modifications, and reaches the cell surface.
Despite decades of effort, how PrP causes fatal neurodegenerative disease remains unclear. However, misfolding and mistrafficking of PrP are hallmarks of various forms of diseases involving PrP, and they almost certainly play a role in pathogenesis. Mutations in the PrP hydrophobic region that enhance the formation of transmembrane forms of PrP cause neurodegeneration in transgenic mice (8) . But studies with a series of mutants associated with transmissible spongiform encephalopathies indicated that most mutants that reside outside the hydrophobic region do not form detectable transmembrane forms (9) . Instead, they are partially retained in the ER, which suggests misfolding and retention by the ER quality-control system (10) . Recent understanding of protein folding and quality-control mechanisms has revealed that many misfolded secretory proteins are retained in the ER and subject to retrograde transport to the cytoplasm and degradation by the proteasome (11) (12) (13) . Indeed, accumulation of PrP has been reported upon proteasome inhibition (14) (15) (16) . However, detailed studies of the fate of two PrP mutants, Q217R and Y145stop, indicate that they accumulate in the ER and other membrane-bound compartments when proteasome activity is blocked (14, 15) . Thus, it might be that, unlike other proteins, PrP is not subject to retrograde transport when triaged by the quality-control system and accumulates after proteasome inhibition as a secondary consequence of quality-control perturbations. These particular mutants, however, are associated with slowly progressing forms of disease that are not transmissible. They do not accumulate in the PrP Sc conformation, even in diseased brains (5, 17) . Thus, their behavior might not reflect that of wild-type PrP or that of mutants associated with transmissible forms of the disease.
Here, we show that wild-type PrP rapidly accumulates in the cytoplasm when the proteasome is inhibited. Moreover, one of the best-characterized mutants associated with transmissible forms of the disease accumulates in the cytoplasm even in the absence of proteasome inhibitors. These results indicate that PrP, a GPIanchored plasma membrane protein, is subject to the same qualitycontrol mechanism that many other proteins residing in the ER, or passing through it, are subjected to. Given the fact that reducing conditions in vitro (18) or exposure to the cytoplasmic environment in vivo favors the formation of a PrP Sc -like conformation (19) , these results have significant implications. level transfections were achieved by using high amounts of plasmid DNA and Fugene 6 reagents (see Fig. 3E ), by using Lipofectamine transfection reagents (GIBCO͞BRL), or by using GenePorter transfection reagents (Gene Therapy Systems, San Diego) (data not shown).
Proteasome Inhibitor Treatment. For NT-2 cells, MG132 (Calbiochem) was added when cells reached 80% confluence, and culture was continued at 37°C in a CO 2 incubator for 12 hr. For transiently transfected cells, epoxomicin (Affinity, Nottingham, U.K.) at indicated concentrations was added to the culture media. Cells were cultured at 37°C with 5% CO 2 for 16 hr unless indicated.
Analysis of PrP Aggregation and Immunoblot Analysis. After transfection and treatment, cells growing on 6-well cell-culture plates were washed once with ice-cold PBS and lysed with 300 l (per well) of lysis buffer [50 mM Tris⅐HCl, pH 7.5͞150 mM NaCl͞2 mM EDTA͞0.5% (vol͞vol) Triton X-100͞0.5% (vol͞vol) sodium deoxycholate] on ice. Cells were disrupted by sequential passages through 21-and 25-gauge needles 10 times on ice. Fifty microliters of lysates was sedimented at 16,000 ϫ g for 30 min at 4°C. Proteins from supernatants were precipitated with 4 vol of 100% methanol (Ϫ20°C) and incubated at Ϫ20°C for at least 30 min. Pellet fraction and precipitated supernatant were sonicated in SDS͞PAGE sample buffer containing 5% (wt͞vol) SDS. For endoglycosidase H (Endo H) digestion, the pellet fraction was sonicated in the presence of Endo H buffer and incubated with 100 milliunits of Endo H at 37°C for 16 hr. Proteins were resolved on 14% polyacrylamide gels, transferred to poly(vinylidene difluoride) membrane, and reacted with 3F4 antibody at 1:5,000, R20 antibody at 1:1,000, R24 antibody at 1:500, or calnexin antibody (StressGen Biotechnologies, Victoria, BC, Canada) at 1:500.
Immunofluorescence. Cells were cultured on glass coverslips in 24-well culture plates. For staining lysosomes, cells were incubated with 0.5 mg͞ml Lucifer yellow CH in medium for 10 hr, followed by washing and continued culture in medium for 2 hr. To visualize surface staining, cells were fixed with 4% (vol͞vol) paraformaldehyde (EM Laboratories, Elmsford, NY). For intracellular staining, cells were fixed with 100% cold methanol at Ϫ20°C for 20 min. After blocking with 5% normal goat serum in PBS for 45 min, cells were reacted with primary antibodies diluted in blocking buffer for 1 hr, washed four times with PBS, and incubated with secondary antibody (Alexa-labeled goat anti-mouse, rabbit, or rat IgG antibodies; Molecular Probes) diluted in blocking buffer for 1 hr. After washing twice with PBS, cells were incubated with 100 ng͞ml 4Ј,6-diamidino-2-phenylindole (DAPI) (Sigma) in PBS for 10 min and washed three times with PBS. Coverslips were mounted on glass slides, and staining was visualized with a Zeiss Axioplan 2 fluorescence microscope (Zeiss). PrP was detected with 3F4 antibody at 1:500 dilution. Other antibodies were diluted as follows: rabbit anti-␥-tubulin antibody (Sigma), 1:2,500; rat anti-hsc70 antibody (StressGen Biotechnologies), 1:200; rabbit anti-BiP antibody (StressGen Biotechnologies), 1:200.
Results

Endogenous PrP from Human Neuroblastoma Cells Accumulates in the
Cytoplasm When Proteasome Activity Is Blocked. Misfolded or mistargeted proteins that appear in the cytoplasm are difficult to detect because the highly efficient proteasome prevents their accumulation. To determine whether endogenous wild-type PrP might be subject to proteasome degradation, we asked whether various proteasome inhibitors cause the protein to accumulate in the cytoplasm. In untreated neuroblastoma (NT-2) cells, endogenous PrP was primarily surface-localized, detected as bright staining over the whole surface when cells were fixed with paraformaldehyde (data not shown). When cells were fixed with methanol, surface staining was most readily detected by fluorescence at cell borders (Fig. 1A) . After 12 hr of treatment with the proteasome inhibitor MG132, surface staining of PrP remained strong when cells were fixed with paraformaldehyde (data not shown), but was less apparent with methanol fixation because cell-cell contacts were reduced. Notably, methanol fixation revealed that substantial quantities of PrP had now accumulated internally in fine foci throughout the cells, partly concentrated around nuclei (Fig. 1B) .
Costaining with PrP antibodies and the DNA-binding dye DAPI (data not shown) demonstrated that accumulating PrP foci were not inside nuclei but clustered outside. Staining with Lucifer yellow CH, which is taken up by endosomes and lysosomes (20, 21) , indicated that very few PrP foci were coincident with endocytic compartments (Fig. 1B , Left and Center), even in regions where they were most concentrated and appeared to overlap at low magnification (Fig. 1B , merged and magnified Inset). Antibodies against BiP, a member of the Hsp70 chaperone family that is localized to the ER, revealed no colocalization with PrP foci (data not shown, but see Fig. 5B for similar analysis of a PrP mutant). In contrast, antibodies against a cytoplasmic form of Hsp70, Hsc70, showed strong colocalization with intracellular PrP aggregates in many cells treated with MG132, but never in untreated cells (compare lower panels in Fig. 1 A and B; yellow fluorescence in merged image indicates colocalization). These results indicate that when proteasome activity is compromised, a significant portion of endogenous wild-type PrP accumulates in the cytoplasm.
To further investigate the protein's physical state, cells were lysed with mild detergents and subjected to centrifugation. PrP from control cells was soluble and migrated heterogeneously during electrophoresis ( Fig. 2A, lanes C) , as expected from its normal, diverse glycosylation state (22, 23) . Some PrP from proteasome-treated cells remained soluble, but a substantial fraction became insoluble. Similar results were obtained with another proteasome inhibitor, epoxomicin (data not shown).
This aggregated, detergent-insoluble form of PrP (Fig. 2 A, pellet) seemed to be derived from protein that had fully entered the ER for processing and had then undergone retrograde transport. That is, it did not migrate at the position of full-length PrP but rather at the position of recombinant, unglycosylated PrP lacking both the N-terminal ER translocation signal peptide and the 23-aa C-terminal GPI signal sequence (Fig. 2B) . N-and C-terminal cleavage of protein accumulating after proteasome inhibition was confirmed in other cell types, in which PrP accumulated at sufficient levels for additional analysis (see below).
PrP Also Accumulates in the Cytoplasm of Other Cell Types When
Proteasome Activity Is Blocked. Within 12 hr of proteasome inhibition, many NT-2 cells detached from the culture dish and began to die. (Floating cells were discarded before harvesting samples for the above analyses.) Longer treatments produced greater cell loss. The selective toxicity of cytoplasmic forms of PrP in neuronal cells will be the subject of another article. Here, we examine other cell types that retained much higher levels of viability with proteasome inhibition. This allowed us to follow the fate of cytoplasmic PrP for longer periods, with interpretations less complicated by toxicity, and to take advantage of transient transfections to examine the trafficking of a PrP mutant.
As expected, in transfected COS (monkey kidney) cells expressing wild-type PrP, most of the protein localized to the cell surface. Paraformaldehyde fixation produced bright staining over the entire surface (Fig. 3A) . This was lost when cells were treated with mild detergents (data not shown) or were fixed with methanol (Fig. 3A,  Internal) . Some PrP could then be detected internally, concentrated in perinuclear regions. Note that in this case, internal PrP did not colocalize with cytoplasmic Hsc70. Rather, it colocalized with the Golgi marker giantin (Fig. 3A) . Thus, even internally localized protein was not cytoplasmic but was in the process of being transported through the secretory pathway.
When COS cells were treated overnight with epoxomicin (24), they retained high levels of viability. Surface staining remained strong (paraformaldehyde fixation; data not shown). In these cells, PrP also accumulated in large perinuclear aggregates. However, in striking contrast with untreated cells, the perinuclear PrP aggregates of cells treated with the proteasome inhibitor colocalized with cytoplasmic Hsc70, not with giantin (Fig. 3B) . Note that the pattern of giantin staining itself changed, in a manner typical of cells that contain cytoplasmic aggresomes or inclusion bodies (25) (26) (27) .
A time course of PrP localization after proteasome inhibition revealed that cytoplasmic accumulation of PrP occurred very rapidly. Initially, the protein was present in small foci (Fig. 3C ) similar to those observed in neuroblastoma cells (Fig. 1B) . As incubation continued, foci in a greater number of cells gradually became intensely positive for Hsc70 staining. With longer treatments, PrP began to coalesce into a single large aggregate (after about 6 hr). This coalescence localized around the centrosome and costained with ␥-tubulin antibody (Fig. 3D) , as do the aggresomes or inclusion bodies formed by certain other misfolded proteins that accumulate cytoplasmically (25, 27) .
Similar results were obtained with mouse fibroblast NIH 3T3 cells and with two chemically distinct proteasome inhibitors, MG132 and lactacystin (data not shown). Thus, accumulation of PrP in the cytoplasm was a general consequence of proteasome inhibition rather than an artifact of a particular cell line or an aberrant effect of a particular drug. Finally, cytoplasmic accumulation was not an artifact of proteasome inhibition per se. We used very modest levels of transfection in these experiments. However, in separate experiments employing higher levels of transfection with the same PrP expression plasmid (see Materials and Methods), PrP accumulated in the cytoplasm even when cells were cultured in the absence of proteasome inhibitors (Fig. 3E) . Presumably, in this case, the ability of the normal cytoplasmic degradation machinery to clear misfolded PrP was compromised by excess substrate.
PrP Accumulates in the Cytoplasm by Retrograde Transport.
Western blotting demonstrated that after epoxomicin treatment, PrP accumulated to much higher levels. Most of this protein was insoluble in mild detergents (compare Fig. 4A supernatant and pellet), and it was enriched in a lower molecular weight species. This band comigrated with both a recombinant unglycosylated PrP lacking the N-and C-terminal signal sequences (as did the accumulated PrP of neuroblastoma cells; Fig. 2B ) and with the unglycosylated isoform of mature, ER-processed PrP from untreated neuroblastoma cells (data not shown). The size of this species, together with its reaction (Fig. 4B ) with antibodies specific for residues 23-37 (R24) and residues 218-232 (R20), located at either end of mature PrP (28) , indicated that it must be derived from the central portion of PrP. That is, the protein accumulated in the cytoplasm after it had fully entered the ER and been subjected to N-and C-terminal proteolytic processing.
The higher molecular weight protein that accumulated after proteasome inhibition and fractionated in the pellet was sensitive to Endo H digestion (Fig. 4B) . Thus, it also derived from protein that had entered the ER for processing. Although glycosylated, this species had not passed the quality-control system for passage to the Golgi complex, where further carbohydrate modifications would have rendered it Endo H resistant.
Mutant PrP Accumulates in the Cytoplasm Even Without Proteasome
Inhibition. If the appearance of PrP in the cytoplasm is relevant to disease, it should more readily occur in cells expressing mutant PrPs associated with transmissible, familial forms of transmissible spongiform encephalopathies. To test the above prediction, we created a point mutation in mouse PrP that changes Asp to Asn at residue 177 (D177N). This mutation (D178N in human PrP) is one of the more subtle genetic changes associated with transmissible spongiform encephalopathies and one of the most common.
Wild-type PrP and PrP D177N were examined at equivalent transfection efficiencies as determined by analysis of ␤-galactosidase expression from a cotransfected plasmid (data not shown). However, cells producing PrP D177N exhibited much less cell-surface staining than cells producing wild-type PrP (paraformaldehyde fixation, Fig. 5A ). They also exhibited a different pattern of internal accumulation (compare methanol fixation, Fig. 5B with Fig. 3A) . Specifically, many cytoplasmic aggregates of PrP D177N were visible even in the absence of the proteasome inhibitors. These internal foci did not colocalize with BiP or with Lucifer yellow CH, indicating they were not in the ER or in the endocytic compartment (Fig. 5B , Top and Middle). However, they strongly colocalized with the cytoplasmic chaperone Hsc70, especially in cells with higher levels of PrP accumulation (Fig. 5B,  Bottom) . Thus, even in the absence of the proteasome inhibitor, a substantial fraction of the mutant protein accumulated in the cytoplasmic compartment.
When the proteins of cells cultured in the absence of proteasome inhibitors were analyzed on SDS gels, a substantial fraction of wild-type PrP exhibited the diffuse, slow migration (Fig. 6A , total PrP, bracket) that characterizes proteins that have passed from the ER to the Golgi complex for oligosaccharide modification (29) . A smaller fraction of PrP D177N exhibited this migration pattern. Furthermore, Endo H had a greater effect on the migration of PrP D177N than on the migration of wild-type PrP (Fig. 6A , Endo H). Taken together with the differences in intracellular localization, the differences in electrophoretic migration and Endo H sensitivity indicate that, in cells that had been carefully matched for similar transfection levels, a smaller fraction of PrP D177N than of wild-type PrP passed through the ER quality-control system. The two proteins also showed different propensities to accumulate in detergent-insoluble aggregates in the absence of proteasome inhibitors. Wild-type PrP was mostly soluble, whereas the majority of PrP D177N was insoluble (Fig. 6B) . Staining the same blots with calnexin ( Fig. 6B) and several other proteins (data not shown) demonstrated that accumulation was highly selective.
After proteasome inhibition, both wild-type PrP and PrP D177N accumulated in an insoluble form, but PrP D177N accumulated to a higher level (data not shown). In this case, colocalization with Hsc70 was observed in every transfected cell, and aggregates coalesced into large perinuclear inclusion bodies (Fig. 5C) , as described earlier for wild-type PrP (Fig. 3) .
Discussion
Our work demonstrates that a significant fraction of PrP, a cell-surface GPI-anchored protein, accumulates in the cytoplasm when the activity of the primary quality-control system for cytoplasmic protein degradation, the proteasome, is compromised. In the cytoplasmic compartment PrP aggregates, often, but not always, associating with Hsc70. With prolonged accumulation, the aggregates coalesce and associate with the centrosome, as has been reported for several other proteins that accumulate in the cytoplasm when their degradation is blocked.
Cytoplasmic accumulation of PrP is not specific to a particular cell line, transfection procedure, or proteasome inhibitor. cumulates in the cytoplasm in the absence of proteasome inhibition. Moreover, when high levels of DNA are used for transfection, even wild-type PrP accumulates in the cytoplasm. Presumably, in this case the quality-control machinery is simply overwhelmed by excess substrate.
The PrP protein that accumulates in the cytoplasm seems to have completed entrance into the ER and to have been delivered to the cytoplasmic compartment by retrograde transport. First, the size of the most prominent species is that expected for mature PrP, and it comigrates on SDS gels with a recombinant protein [PrP-(23-230)] equivalent to the mature fragment. Proteins that retained either the N or C termini would have readily been distinguished from the mature species on such gels (14, 15) . Second, it reacts with two antibodies that recognize sequences near either end of mature PrP. Given the protein's size, it could react with both antibodies only if it represented the middle section of PrP, with sequence removed from either end. The enzymes for removing the N-terminal signal sequence that directs transport into the secretory compartment and the Cterminal signal for proteolytic cleavage and attachment of GPI are located in the ER. It is conceivable that PrP accumulates in the cytoplasm through indirect effects of proteasome inhibition that cause mistargeting, rather than through normal delivery to the ER, recognition by the quality-control system, and retrograde transport. However, this would require that both Nterminal and C-terminal sequences are removed in the cytoplasm by some unknown proteolytic activity and that both cleavages fortuitously occur close enough to the bona fide cleavage sites to generate the right-sized fragment, a scenario that seems extremely unlikely.
Taken together, our results strongly suggest that PrP is triaged by the ER quality-control system that shunts unfolded or misfolded proteins to the cytoplasm for degradation by the proteasome. If so, it is not surprising that PrP is not normally detectable in the cytoplasm because this system is usually so efficient. The rapidity with which PrP accumulates in the cytoplasm after proteasome inhibition suggests there is a constant flux of unfolded or misfolded PrP to this compartment, which is detected only when the activity of the quality-control system is compromised. The observation that the N-terminal region of PrP is not well folded (4, 30) would further suggest that a fraction of the protein is constantly subject to this control pathway. It is also possible that PrP appears in the cytoplasm only when the folding capacity of the system is compromised. Even if this is the case, PrP would still be likely to appear in the cytoplasm under normal circumstances when aging, natural biological traumas, or environmental stresses compromise the system. The PrP that accumulates cytoplasmically is enriched in unglycosylated species. There are two, not mutually exclusive, explanations. First, cytoplasmic deglycosidases can remove oligosaccharides from ER proteins after they are transported to the cytoplasm (31) . Second, unglycosylated proteins have a greater tendency to misfold and are therefore more likely to be subject to retrograde transport (32) . The accumulation of unglycosylated species is of interest because previous studies from several laboratories suggest they are more likely to convert to a PrP Sc -like form (18, 19, 33) .
Indeed, in separate experiments, we have found that cytoplasmic PrP is selectively toxic to neuronal cells and that a fraction of the protein converts to a PrP Sc -like conformation in a manner that critically depends on the rate at which the protein appears in the cytoplasm (unpublished results). Together, these data support our previous suggestion that PrP Sc might arise de novo in sporadic and familial forms of the prion diseases on the rare occasions when unfolded or misfolded PrP is retrograde transported to the cytoplasm but degradation fails. This would also be consistent with previous observation of cytoplasmic PrP during disease progression (34) . In any case, our data strongly suggest that PrP does appear in the cytoplasmic compartment under some normal biological circumstances, which may contribute to the pathogenesis of prion disease.
Note Added in Proof. After our studies were completed, Yedida et al. (35) reported evidence that wild-type PrP is subject to ubiquitination and degradation by the proteasome. This work had a somewhat different focus, but partially complements the work in this study.
